Abstract-The use of X-ray computed microtomography ( CT) has increased in biomedical research and industrial applications. The inherited high quality of synchrotron radiation (SR) X-rays including high flux, collimation, and coherence, has been used recently to produce radiographic images with high spatial resolution and contrast. A simple and stable imaging system using an unmonochromatized SR source based on the principle of phase contrast X-ray imaging consists of a charge-coupled device (CCD) detector coupled with an optical lens system at the Pohang Light Source (PLS) 5C1 beamline. The spatial resolution of the imaging system was determined using the modulation transfer function (MTF), which was measured by step-by step calculations obtained from sharp edge images. Projection image data were obtained at 250 steps over 180 degrees of rotation with an acquisition time, depending on the imaged object materials, of 30 to 150 ms per projection image. The tomographic images were reconstructed using a simple filtered backprojection algorithm to reconstruct two-dimensional (2-D) images using projection data which may include characteristics of beam collimation and phase contrast. Although the use of a monochromatic X-ray beam has previously demonstrated to provide high resolution and enhanced contrast, our approach uses an unmonochromatized SR X-ray beam and shows similar image capability, without the needs for sophisticated X-ray optics, in an exposure time which is significantly less, by two orders of magnitude, than that for the monochromatic SR system. The current PLS 5C1 SR imaging system can produce projection images at a spatial resolution of 8.3 m over a field of view of about 5 mm at an exposure time of 30 ms per projection image for 1.5 optical magnification. This study presents the results of SR CT images of cancerous human breast tissue containing microcalcifications, mouse lumbar vertebra, and mouse coccygeal vertebra. The unmonochromatized SR CT imaging system provides an effective means of evaluating microstructures, not only in biomedical specimens but also in inorganic samples.
I. INTRODUCTION
T HE USE of X-ray computed microtomography ( CT) has increased in biomedical research and industry. It enables the nondestructive examination of the internal microstructure of objects. With the developments of 3-D image processing software, the volumetric reconstruction data of tomographic images provides additional information about the internal structures of objects using the volume rendering technique.
The synchrotron radiation (SR) microtomography system is similar to conventional computed tomography (CT) in principle except that it uses an incident SR X-ray source, which produces a highly collimated parallel beam of high photon flux, and is capable of high resolution imaging down to the micrometer scale combined with real time imaging. The energy spectrum of SR generated by the bending magnets in the storage ring extends from the infrared, through the visible light and ultraviolet to the hard X-rays. A simple imaging system based on the principle of "phase-contrast" X-ray imaging with an unmonochromatized ("white") SR source was setup at the PLS (Pohang Light Source) 5C1 beamline on a third-generation synchrotron for material science, medicine, and biological studies [1] - [3] .
Several research groups have successfully utilized the monochromatic SR X-ray beam, by tuning with a pair of silicon crystals as a monochromator, for several tomographic imaging applications [4] - [8] . In fact, the use of a monochromatic beam demonstrated improved image contrast due to elimination of beam hardening effects, particularly with respect to low elements, i.e., light elements, and also permitted k-edge subtraction studies. However, higher monochromaticity reduces flux, and this results in longer image acquisition times.
We used the unmonochromatized SR X-ray beam for acquiring projection data in real time and demonstrated high quality images with micrometer resolution and phase contrast at object boundaries based on the refractive index rather than on the absorption versus monochromatic SR X-ray imaging systems of previous studies [1] and [2] , [9] and [10] . This study presents the results of unmonochromatized SR CT images for cancerous human breast tissue as a soft tissue representative, and mouse vertebras as a hard tissue representative.
II. MATERIALS AND METHODS

A. Experimental Imaging System Setup
The SR imaging system was installed at the PLS 5C1 bending-magnet beamline in Pohang, Korea. The PLS is a third 0018-9499/02$17.00 © 2002 IEEE generation SR source consisting of a 2 GeV electron linear accelerator and an electron storage ring supporting an average beam current of 430 mA at 2.0 GeV and 180 mA at 2.5 GeV. To meet users' demands for higher energy X-rays, the storage ring has been running at 180 mA, 2.5 GeV since early 2000.
A simple and stable SR imaging system consists of a slit system together with silicon wafer filters, a CdWO scintillator crystal, a rotation stage, microscope optics with interchangeable objectives, a charge-coupled device (CCD) detector, and an image acquisition computer system. A schematic of the PLS 5C1 SR imaging system is presented in Fig. 1 . Depending on the total thickness of the silicon wafer filter, this imaging system uses an unmonochromatized SR beam of an average of 10 10 photons per second with energies of 6 to 30 keV, calculated using the given ring energy and the bending magnet field, as showed in Fig. 2 . Typically, the cross section of the incident beam at the PLS 5C1 beamline was 10 10 mm , as defined by an aperture placed upstream to the silicon wafer filter. According to the materials of the test object, the incident SR beam flux and energy were modified using a series of silicon wafers before entering the sample. The sample was mounted on a computer controlled rotation stage. Visible-light images were created as the result of the interaction of the X-rays transmitted the sample object with a CdWO single crystal scintillator cleaved to a thickness of 100 m, which is resistant to radiation damage and highly homogeneous.
Then visible-light images were reflected through 90 degrees by a gold-coated mirror, and captured on a CCD detector after magnification using interchangeable microscope objectives. A Photometrics Cool SNAP (Trenton, NJ) commercial-grade CCD video camera was used for the study. This included a 1392 1040 element CCD chip with an element size of 4.65 4.65 m offering a 12-bit dynamic range. In our experiments, the actual optical magnification was mainly 1.5 .
B. Spatial Resolution of the Imaging System
The spatial resolution of an imaging system depends on the individual spatial resolution of its components and affects the image resolution according to the type of sample. The spatial resolutions of the PLS 5C1 SR imaging system were experimentally measured using a modulation transfer function (MTF) at different optical magnifications and incident beam directions, both vertical and horizontal. The MTF was measured from the image of a sharp edge, provided by a thin layer of gold-nickel foil (of thickness 0.0175 mm) [7] , [11] - [13] . During imaging, the sharp edge was placed 25 cm from the scintillator screen and positioned along the center axis of incident beam. The image pixel size was determined by dividing the physical length of the known edge device by the corresponding pixel number.
An edge spread function (ESF) was obtained by scanning and averaging the pixel values of twenty line images in a direction orthogonal to the edge line. To reduce statistical fluctuation in both plateau sides of the raw data, these data were smoothed by adjacent averaging. The line spread function (LSF) was calculated from the derivative of the ESF, and its maximum value was normalized to 1.0. Finally, the MTF was calculated from the fast Fourier transform (FFT) of the LSF and its zero-frequency value was normalized to 1.0.
C. Data Acquisition and Tomographic Image Reconstruction
The soft tissue of the cancerous human breast specimen containing microcalcifications was biopsied and sampled to a radius of 3 mm, and placed in a polyethylene tube of about 3.5 mm for tomographic image acquisition. The mouse vertebra of a laboratory mouse, of body weight approximately 30 g, was separated and cleaned of excess muscles and soft tissue. Then, the whole vertebra was placed in 70% ethanol and dried naturally. The spinous and transverse processes were removed from the vertebral bodies for tomographic image acquisition.
To qualitatively access the image quality of the PLS 5C1 SR imaging system, an electronic capacitor of about 3.5 mm radius with definitive microstructure was imaged using both a conventional CT (Siemens Somatom Plus-S) used for diagnosis and the PLS 5C1 SR imaging system. Image acquisition parameters of the conventional CT were 330 mAs, 120 kVp, 512 512 pixel matrix, 1 mm slice thickness, and 14.8 zoom in static and ultrahigh resolution mode. In SR imaging, the sample objects were rotated perpendicular to the plane of the incident beam within the field of view of the CCD detector, roughly 4.3 3.3 mm 250 steps over 180 degrees of rotation with an acquisition time of 30 to 150 ms (depending upon the silicon filters used and the type of sample) per projection image. The acquired images were saved in the control computer using Image-Pro Plus Ver. 4.0 image analysis software (Media Cybernetics, Sliver Spring, MD). In addition, dark current and background images were recorded with the same exposure time at the beginning and end of each scan, allowing background subtractions and flat field corrections to be performed for the CCD detector's gain variations between pixels. The sample to scintillator distance was approximately 25 cm. Tomographic images were reconstructed using a simple filtered backprojection (FBP) algorithm to reconstruct 2-D images using projection data which may include characteristics of beam collimation and phase contrast. and a Shepp and Logan filter, which is an edge-smoothing filter, using the IDL Version 5.1 programming language (Research System Inc., Pearl Ease Circle Boulder, Co. USA). 3-D visualization of the tomographic images was performed using the V-works™ 3.5, 3-D image processing software (CyberMed Inc., Seoul, Korea).
III. RESULTS
Spatial resolution was measured from the 10% contrast in MTF values. The resolution characteristics of the PLS 5C1 SR imaging system are listed in Table I . Fig. 3 shows the ESF, LSF, and MTF of the PLS 5C1 imaging system for 1.5 optical magnification, as used for the tomographic data acquisitions. The results of the MTF measurements showed that the spatial resolution was improved by the magnified imaging of the object. For the imaging setup of the 1.5 optical magnification, as used for the tomographic imaging acquisitions, the vertical spatial resolution was found to be 8.3 m, which corresponds to about 60 line pairs/mm. The limiting spatial resolution, maximum resolution of an imaging system achievable under optimal conditions, was about 3.1 m, the same as the equivalent image pixel size for 1.5 magnification. Fig. 4 presents the photograph, and the tomographic images of the electronic capacitor for the conventional CT and the PLS 5C1 imaging system. The image quality of the PLS 5C1 SR imaging system has more structural details and the images have higher contrast than those of the clinical CT. Fig. 5 presents projection images of the cancerous human breast tissue, the mouse lumber vertebra, and the mouse coccygeal vertebra imaged with the PLS 5C1 imaging system. Fig. 5(a) clearly reveals the microcalcifications, of about 100 to 500 m, the surrounding polyethylene tube, and the boundaries between the soft tissues. Fig. 5(b) and (c) display details of the microstructures inside, especially within the trabecular structure. The outer cortical parts of the mouse lumber vertebra can be clearly distinguished from the inner trabecular patterns. Fig. 6 exhibits the tomographic images of the cancerous breast tissue, the mouse lumbar vertebra, and the mouse coccygeal vertebra. Fig. 7 shows 3-D reconstruction images of the electronic capacitor and the mouse lumber vertebra at high spatial resolution.
IV. DISCUSSION
Even though MTF does not take into account the noise properties defined as SNR (signal to noise ratio), nor the detection efficiencies of an imaging detector system defined as DQE (detective quantum efficiency), it has been widely used to evaluate the spatial resolutions of imaging systems as a means of characterizing image quality. One straightforward way of evaluating the spatial resolution of an imaging system is to simply observe imaged patterns of a commercially available resolution test pattern or a resolution phantom.
However, the SR X-ray source is highly collimated and therefore its use can make possible to achieve high spatial resolution images, which depend upon the imaging system setup. We have previously tried to measure the spatial resolution of the PLS 5C1 imaging system with custom-made high resolution charts (Optnics Precision Co., Ltd., Japan) [14] capable of a maximum spatial resolution of 13.5 m, but the image of this test pattern demonstrated that the PLS 5C1 imaging system has a spatial resolution better than 13.5 m. The MTFs of the PLS 5C1 imaging system were experimentally measured from images of a sharp edge and the results demonstrated that the spatial resolution be improved at optical magnifications. As shown in Table I , although difference in the spatial resolution between the horizontal and vertical directions was not significantly discriminated at the same optical magnification, the spatial resolution of the vertical direction was nevertheless slightly better than that of the horizontal direction; as predicted by synchrotron accelerator physics [15] .
For tomographic image acquisitions, the scan time is considered to be an important parameter, which affects the performance of a set of tomographic data and the consequent image quality, because the intensity of the SR beam in the PLS storage ring is continuously decreased with a half-life ( ) of about 15 h in the PLS storage ring during scanning and because the lower incident photon flux increases the image data noises, resulting in poor image quality. Although it is assumed that the monochromatic SR beam offers high quality image acquisitions, especially when soft X-rays are used, due to the elimination of beam hardening artifacts related to use of polychromatic X-rays, the higher monochromaticity causes lower flux resulting in longer image acquisition times, of the order of a few seconds, for each projection [7] , [16] , and [17] . The PLS 5C1 imaging system with an unmonochromatized SR source demonstrated shorter image acquisition times, of the order of a few tens of a millisecond, permitting real-time imaging and high quality images, as compared with conventional imaging system, on a microscopic scale, for a variety of samples, across the fields of materials science, medicine and biology [1] and [2] , [9] , and [10] .
For tomographic reconstruction requiring a few hundred projection images, the advantages of the unmonochromatized SR imaging system appears to be its short exposure time, which is two orders of magnitude less than that of the monochromatic SR system. This imaging system achieved spatial resolutions better than 8.3 m and an exposure time per projection image of 30 ms, and there remains the potential for further improvement in the SR imaging system by optimizing imaging systems and processing software, although quantitative measurement of the improvements may require significant amount of research works. Further magnification of imaging system will improve spatial resolution at the price of increasing acquisition time for same signal to noise ratio.
V. CONCLUSION
We have developed a simple and stable imaging system using an unmonochromatized SR source based on the principle of phase contrast X-ray imaging. The imaging characteristics of plain images for the SR system have previously been reported. In the resent study we have extended the range of this system to m CT imaging and its applications. This will significantly widen the scope of utilization since the use of X-ray CT has been increasing in biomedical research and industrial applications.
Although the use of a monochromatic X-ray beam has already been demonstrated for high resolution and enhanced contrast, our approach uses an unmonochromatized SR X-ray beam and displays high resolution image capability, without the requirement for sophisticated X-ray optics, in an exposure time which is significantly less, by two orders of magnitude, than that for the monochromatic SR system. The high flux and high collimation characteristics of unmonochromatized synchrotron X-rays provide high quality images of micrometer spatial resolutions and relatively shorter data acquisition times; advantages which combine to allow real time imaging. Moreover, there is clear potential for further improvements in the SR imaging system. Thus, the unmonochromatized SR computed tomography imaging system appears to be an effective means of evaluating microstructures not only in biomedical specimens but also in inorganic samples.
